At early stages in visual processing cells respond to local stimuli with speci c features such as orientation and spatial-frequency. Although the receptive elds of these cells have been thought to be local and independent, recent physiological and psychophysical evidence has accumulated, indicating that the cells participate in a rich network of local connections. Thus, these local processing units can integrate information over much larger parts of the visual eld; the pattern of their response to a stimulus apparently depends on the context presented. To explore the pattern of lateral interactions in human visual cortex under di erent context conditions we used a novel chain lateral masking detection paradigm, in which human observers performed a detection task in the presence of di erent length chains of high contrast anked Gabor signals. The results indicated a non monotonic relation of the detection threshold with the number of ankers. Remote ankers had a stronger e ect on target detection when the space between them was lled with other ankers, indicating that the detection threshold is caused by dynamics of large neuronal populations in the neocortex, with a major interplay between excitation and inhibition. We considered a model of the primary visual cortex as a network consisting of excitatory and inhibitory cell populations, with both short-and long-range interactions. The model exhibited a behavior similar to the experimental results throughout a range of parameters. Experimental and modeling results indicated that long-range connections play an important role in visual perception, possibly mediating the e ects of context.
A large body of psychophysical and physiological evidence has suggested that our visual system encodes the retinal image by means of local mechanisms, each of them sensitive to di erent ranges of orientation and spatial frequencies 1, 2, 3, 4, 5] . These mechanisms respond selectively to bandpass-localized stimuli, such as short bars or Gabor patches. Recent psychophysical and physiological studies, have suggested that although these mechanisms are assumed to be local and independent, they do interact. The visibility of short bars and Gabor patches, was found to either be enhanced or suppressed by laterally placed anking stimuli of similar orientation and spatial frequency. These psychophysical e ects are functions of distance, relative orientation and spatial con guration (context) of target and anks 6, 7] and global shape 8]. Corresponding physiological experiments, have suggested that the substrate for these spatial interactions can be found at early levels of visual processing 7, 9, 10]. Single cell recording from V1 showed that 42% of complex cells demonstrated a similar facilitation 7] . Moreover, visually evoked potentials elicited by a Gabor signal presented in the presence of two anking high-contrast Gabor signals were signi cantly facilitated with collinear, co-oriented test/ ankers up to at least 3 of separation 9]. These interactions have raised the possibility that integration of the decomposed image into more global structures, like contours, can be carried out at early stages of visual processing.
Here we have further investigated the architecture of perceptual spatial interactions involved in visual processes, emphasizing the global e ects on local activity. To consider cooperative interactions of many local mechanisms, we devised a novel paradigm, involving a detection of a target in the context of a simultaneous presentation of several high contrast masks. This paradigm allowed a study of spatial interactions between lters tuned to the same orientation and to di erent spatial locations. The non-monotonic behavior of the contrast detection threshold with the number of masks has indicated the existence of a feedback network of excitatory and inhibitory mechanisms.
METHODS
Experiments: Observers participated in two types of experiments: a lateral masking experiment and a chain lateral masking experiment. Lateral Masking Experiment: contrast detection thresholds were measured for a foveal Gabor Signal 11] (GS: = =0.15 ), anked by two high contrast (30%) similar GSs. Target-to-mask separation varied between 2 and 12 during each daily session 6]. Chain Lateral Masking Experiment: Contrast detection thresholds were measured for foveal GSs anked on each side, by a chain of one to six high contrast GSs (2 to 12 GSs in all, 30% contrast). The length of the chain varied between 2 and 12 during each daily session. The target and mask GSs were aligned with 2 (0.3 ) spacing. We carried out experiments for two di erent chain global con gurations: (a) a horizontal con guration of side-by-side vertically oriented GSs (Fig. 1a) and (b) a collinear, vertical con guration of vertically oriented GSs (Fig. 1b) . Stimuli were displayed as gray-level modulation on a Philips color monitor, using an Adage 3000 raster display system. The video display speci cations: 56 Hz non-interlaced, with 512 512 pixels occupying 9.6 9.6 area, 3 8 bits image graylevels with 3 10 bits DAC output levels. The mean display luminance was 50 cd/m 2 in an otherwise dark environment. A two-alternative temporal forced-choice paradigm was used. Each trial consisted of two stimuli presented sequentially, only one of which contained a target. Before each trial, a small xation cross was presented at the center of the screen. The observers, when ready, pressed a key to activate the trial sequence, which consisted of (1) a no stimulus interval (500 msec), (2) a stimulus presentation interval (90 msec), (3) a no stimulus interval (1,000 msec), and (4) a second stimulus interval (90 msec). The observers' task was to determine which stimulus interval contained the target. A staircase method 12] was used to determine the contrast threshold. Five observers participated in the experiments; stimuli were viewed from a distance of 125 cm.
Model: Our proposed model has a structure resembling the cortical architecture and has been studied several times in the past 13]. Here we consider interacting recurrent local networks describing individual hyper-columns activated by visual stimuli. Each local network consists of two di erent local populations. One population consists of N e excitatory neurons, the other, of N i inhibitory neurons. In a coarse-grained description, the information about the activity of each of the neurons can be replaced by the average activities of the corresponding populations (the fraction of neurons active within a certain time window around t): E r (t) and I r (t), where r denotes the spatial location of the corresponding hyper-column in the visual eld coordinates (r = 0 at the fovea where the target is located). These activities are governed by the temporally coarse-grained equations 14]: 
In these equations, g e (x) and g i (x) denote the response functions for both populations, i.e. the expected proportion of cells ring for a given level of excitation x. This response functions are monotonic functions going from 0 to 1 and usually assume to have a sigmoid shape. In the present paper we have chosen them to be in the form:
where pertains to either e or i, and , and are the slope and threshold parameters. e r (t) denotes the average external excitation received by the excitatory population from LGN, which re ects the contrast of the visual stimuli, and i r (t) is the same for the inhibitory population. (4) where ; pertain to either e or i. These equations describe a Gaussian decay of the interactions with the space constant . We assume that only excitatory populations can form long-range connections with other networks, although both excitatory and inhibitory neurons can be the targets of such connections (see Fig. 2 ). These assumptions are consistent with physiological and anatomical work demonstrating that horizontal projections in cat and monkey striate cortex originate primarily from excitatory pyramidal cells 16, 17, 18 ] the axons of which synapse onto both excitatory and inhibitory postsynaptic neurons 18].
We ran the simulations for several chain lengths; for each chain length N, the stationary level of the target's E 0 activity was computed as a function of the direct input (e 0 ) supplied to it. Detection threshold was de ned as the minimum direct input e th producing E 0 (e th ) ? E 0 (0) 0:1. We leave for future studies an interesting issue of temporal aspects of network response and e ects of dynamic synaptic transmission 19, 20] .
RESULTS
The architecture of perceptual spatial interactions involved in visual processing was studied, using a chain lateral masking paradigm. Five observers were asked to detect a vertical Gabor target anked on each side by a chain of one to six high-contrast vertical Gabor signals (2 to 12 GSs total), with the chain length varying during each daily session. Two chain con gurations were used: a parallel, horizontally oriented con guration (H: Fig. 1a ) and a a collinear, vertically oriented con guration (V: Fig. 1b ). All observers had at least a few practice sessions in lateral masking experiments (one anker on each target side) before starting the chain lateral masking experiments. In the lateral masking experiment, detection thresholds of the target were measured as a function of target-to-mask distances. All observers had the same pattern of results as previously reported 6], and shown here in Figure 3 : Thresholds increased (suppression) with targetto-mask distance smaller than 2 but decreased (enhancement) with ankers positioned at a larger target-to-mask distance. Enhancement was maximal at 3 separation and decreased as target-to-mask distance increased, with long distance ankers (>8 ) having no e ect on target visibility. We then proceeded to the chain lateral masking experiment, in which detection thresholds of the target were measured as a function of the length and con guration of the GSs chain. Figure 4 shows the results obtained for ve observers for both chain con gurations; the graphs show a non-trivial relation of the detection threshold with the number of ankers: Short chains (1-3 maskers on each side, plotted at abscissa values of 2-6) caused enhancement, but as chain lengths increased, enhancement decreased for all observers, with thresholds occasionally returning to base line level. We call this e ect, the \Chain Depression E ect" (CD e ect). Interestingly, as we further increased the length of the chain, enhancement often increased again (for all observers with the vertical con guration and for DI and YA with the horizontal con guration). Note that for target-to-ankers distances larger than 2 , single maskers caused no inhi-bition of the target detection threshold (as in Fig. 3 and 6] ). This result is independent of the mask's contrast 12]. So if the in uence of the maskers on target visibility was the sum of the individual in uences (as predicted by standard masking models 12, 21, 22] and as can be estimated from the lateral masking experimental data), then by adding the relatively far away ankers at 8 , 10 and 12 distances, enhancement would not be expected to decrease.
Practice had an interesting in uence on the observers' performance. At the rst stage of practice, observers showed a di erent pattern of results under the parallel (H) and the collinear (V) conditions. At the early stage of practice, the chain depression e ect was more pronounced under the parallel con guration condition, but practice had the e ect of increasing depression on the collinear con guration condition, thus making the difference between the two conditions insigni cant. We called the rst four sessions`early phase' of practice and the next four sessions`late phase' of practice. After the early phase of practice, all the observers further practiced the collinear con guration and four observers practiced the parallel con guration. Observers di ered in their psychophysical experience, practice level, and order of experiments. Observers' performances were di erent in the optimal chain length which results in the maximal enhancement, in the maximal enhancement value, and in the rate of enhancement decrease. To evaluate the Chain Depression E ect we de ned the Maximum Enhancement Decrease (MED) in the following way: MED = E(n1) -E(n2) ; where n1 is the optimal chain length, producing the maximum enhancement E max = E(n1), and n2 is the worse chain length, producing the minimum enhancement E min = E(n2), under the condition n2 > n1. Figure 5 describes the MED values for all observers for both con gurations as a function of practice level. Averaging all ve observers we found that at the early phase of practice, MED values for the parallel (H) con guration were about twice as large as MED values obtained for the collinear (V) con guration, (MED(H) = 0:17 0:02, MED(V ) = 0:10 0:03 log units, SE ). After some practice, however, we got similar MED values for both con gurations (MED(H) = 0:20 0:02, MED(V ) = 0:19 0:02 log units, SE.), indicating a similar non monotonic dependency between target visibility and the length of the chain. Another interesting result is, that although by using the lateral masking paradigm it was found that enhancement was more pronounced when target and masks were laid in an axis parallel to their orientation 23], here we found that practicing the chain lateral masking paradigm led to a similar, and sometimes (see Fig. 4 ) even larger, average maximum enhancement obtained under the parallel (H) than the collinear (V) con gurations.
Model Results
The model we have proposed, suggests that the dependency of target visibility on the context, shown in our psychophysical data, can result from a network of excitatory (E) and inhibitory (I) local mechanisms. Each local processing unit participates in a feedback network of lateral connections, and thus can integrate information over large portions of the visual eld. Since in our simulations, for each pair of neighboring masks, the J ie connections are stronger than the J ee (for H con guration, and for V con guration at the latest stages of practice), e ectively each mask is inhibiting its neighbors. This results in a wave of activity spreading through the chain, with the ending masks always having the highest activities because they receive the lowest inhibition. Correspondingly, as the length of the chain increases, the target hits di erent phases of the wave, leading to non-monotonic dependence of the detection threshold on the length of the chain.
Analysis of the model showed that the e ect of practice may result from two learning processes: (a) A decrease in the strength of inhibitory connections from ankers into the target. This process probably occurs during the lateral masking and the chain lateral masking practice, as implied from psychophysical data showing development of detection enhancement with practice at target-to-mask distance of 2 (for our two unpracticed observers, changes in log-units from the rst four sessions to the last four sessions, at distance of 2 : NA from 0.17 to -0.16 log-units with parallel con guration, DI from -0.01 to -0.24 log-units with collinear con guration. The other observers had previous experi-ence with lateral masking experiments and here they showed a signi cant enhancement at 2 distance during the rst few sessions). (b) An increase in the relative strength of inhibitory interactions between ankers; while at early phase of practice we assumed that the J ee were approximately equal the J ie connections, at the late phase of practice we assumed that the J ie rr 0 interactions, when r6 =r' and r6 =0, are stronger than the J ee rr 0 interactions. The increase in the J ie interactions is achieved by increasing both, the range and the amplitude in the J expression (see Eq. 4). Since the J ie interactions are the connections that increase the input to the inhibitory subpopulations, their increase leads to larger inhibitory e ects. Figure 6 compares model simulations results and psychophysical data for the chain lateral masking experiment. The correspondence between the psychophysical results and the model is quite clear. The chain depression e ect shown with the parallel (H) con guration, and developed with practice with the collinear (V) con guration, may re ect about 1.4-fold increase in the range of the J ie connection, and no increase in the range of the J ee connections, together with a 2-fold increase in the strength of the J ie connections (not including connections into the target) and a 1.5-fold increase in the strength of the J ee connections.
DISCUSSION
A chain lateral masking paradigm was used to study the architecture of lateral interactions between lters tuned to the same orientations and to di erent spatial locations. Using chains of high-contrast masks enabled us to explore interactions of the maskers among themselves, as well as the interactions between maskers and target. Experiments were carried out for two di erent global con gurations enabling comparison between parallel and collinear relations. We found that for increasing chain length, threshold usu-ally rst decreases, then reaches a minimum (maximum enhancement), then increases (reaches a minimal enhancement) and then decreases again. The di erence in the magnitude between the minimum threshold and the next maximum threshold (MED) is about 0:2 log units (40%); for both con gurations. This non monotonic relation between the detection threshold and the number of maskers (chain depression e ect) suggests that the detection threshold is a result of population dynamics of large neuronal populations in the neocortex, with an important role assigned to the interplay between excitation and inhibition 14, 24, 25] .
We have considered a model of the primary visual cortex as a network consisting of excitatory and inhibitory populations, with both short-and long-range interactions 16, 17, 18, 25, 26, 27, 28, 29] . The model exhibited a behavior similar to the experimental results. We suggest that in the basic state the long-range connectivity in the collinear direction assumes balanced excitation and inhibition, while in the parallel direction (sideby-side elements), inhibition dominates. This suggestion is assumed in our model and agrees with our observations from the early stage of practice (Fig. 6) . It agrees also with observations reported by others that while the visibility of a Gabor target (or a short line) is signi cantly enhanced in the presence of collinear masks, the enhancement is weaker when target and masks are parallel 23] . According to our model, the roughly constant performance shown in the early phase of practice under the collinear (V) con guration, can be explained by assuming balanced excitatory and inhibitory interactions, (J ee /J ie , ee ie ). The chain depression effect shown under the parallel (H) con guration, and developed with practice under the collinear con guration, re ects about a 1.4-fold increase in the range of the J ie connection, and no increase in the range of the J ee connections, together with a 2-fold increase in the strength of the J ie connections (not including connections into the target) and a somewhat smaller (1.5-fold) increase in the strength of the J ee connections. Our model suggests that the chain depression e ect re ects excess inhibition between nodes responding to ankers (longer range and stronger E-I connections), whereas a monoton-ically increasing enhancement re ects longer and stronger E-E connections. An increase in the spatial range of excitatory lateral interactions was suggested in the past. Using the lateral masking paradigm, Polat and Sagi 30] found that for un-practiced observers, target threshold was facilitated by mask presence at distances up to six times the target period. Practice on a threshold detection task had the e ect of increasing the facilitation range by a factor of three. Here we suggest an increase in the e cacy of both, excitatory and inhibitory connections. The more dramatic increase in the strength of the connections to the inhibitory lters may result from an activity dependent (Hebb-like) learning rule: an increase of connections e cacy, with correlated activity of two interconnected lters, the size of the increase being proportional to the level of activity in the interconnected lters. According to our simulation model, the activity in the inhibitory nodes, at the ankers locations, is much greater than that in the excitatory nodes, except for at the side nodes. Such a behavior is expected from a network exhibiting lateral inhibition, such as postulated for`pop-out' phenomena 24, 31, 32] . In summary, our psychophysical ndings suggest the existence of a feedback excitatory-inhibitory network in the visual cortex. Results from the chain lateral masking paradigm can be used to explore the architecture of perceptual spatial interactions, and indicate that excitatory connections are stronger in the collinear direction, whereas inhibitory connections are stronger in axis orthogonal to the axis of the stimuli. Our model suggests that exposure to multiple high-contrast maskers develops the strength and range of the inhibitory connections more than the excitatory connections. Schematic representation of the connectivity between any two nodes in our model network. Each E-I couple (a node) assumes to be tuned to the same spatial location. The strength of the connections are described in the text. Figure 3 Dependence of target threshold on the distance between target and ankers. Here only two ankers were used (one on each side) as in 6]. The continuous line depicts the psychophysical data of observer DI, and the dashed line shows our model predictions for distances between 2 and 12 . Model parameters set as in Fig. 6 , error bars represent SE of the mean, each datum point is the average of 4 measurements. Thresholds are relative to contrast detection threshold of an isolated target. Note that remote ankers (distance > 6 ) had no e ect on target visibility. Figure 4 Dependence of target threshold on the number of ankers and con guration (H and V) for observers NA, DI, AI, YA, and EI. Threshold elevation was computed relative to that of an isolated target. Each datum point is the average of 4 measurements, after practice. The number of ankers re ects the total number of maskers in the chain. All observers show a similar non-monotonic dependence of detection threshold on number of ankers, for both con gurations. (T-tests on the di erence between rst minima and the following maxima show a signi cant decrease in sensitivity, with p < 0:03 in all cases and p < 0:01 in ve cases. Observers DI and YA show a second signi cant minima.) Figure 5 The chain depression e ect as re ected by the MED values for con gurations H (grey) and V (black). MED is a measure of decrease in enhancement as a result of increasing chain length. (a) Results obtained at the early stage of practice, (b) Results obtained at a later phase of practice (for observer DI who had no further practice with the H con guration, we took the results from the rst stage of practice.) Figure 6 Psychophysical data versus Model simulation for observers AI (top pair) and DI (bottom pair). The left column shows the dependence of target threshold on the number of ankers, at early (before) and late (after) practice phases, for observers AI and DI. These results were obtained with the V con guration. Threshold elevation was computed relative to the average threshold of an isolated target. Note the chain depression e ect that was developed with practice. The right column gives two examples of model simulations. In the model we transferred from S0 simulation into S1 simulation by enlarging the inhibitory in uences (J ie ) more than the excitatory in uences (J ee ). We changed the relative strength of the connections described in equation 4 using two parameters: The J 0 parameter, and the range parameter ; Enlarging the J 0 parameter enlarges the strength of all the J rr 0 connections, while enlarging the enlarges specially the far away connections. For observer AI the S0 (S1) parameters in equation 4 were: J ee 0 =16.8 
